We propose a scheme which can produce desired nonadiabatic passages for the stimulated Raman transition in three-level systems. The state transfer in the protocol is realized by following the evolution of the dynamical basis itself and no additional coupling field is required. We also investigate the interplay between the present nonadiabatic protocol and the shortcut to adiabaticity. By incorporating the latter technology, we show that alternative passages with less occupancy of the intermediate level could be designed.
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I. INTRODUCTION
Stimulated Raman adiabatic passage (STIRAP) is an efficient technique for robust coherent population transfer in atomic and molecular systems, which has been extensively investigated over the past decades [1] [2] [3] [4] [5] [6] . It can induce transitions between two levels that has the same parity, for which the direct coupling via electric dipole radiation is forbidden. Specifically, the STIRAP applies two laser pulses, the pump and Stokes, to induce the coupling between each of the two levels and a common intermediate level under the condition of the two-photon resonance. The desired population transfer is realized through the adiabatic evolution of the dark state, which conventionally assumes a superposition form of the initial and the final target states.
Based on the transitionless tracking algorithm [7] [8] [9] , the shortcut to adiabaticity [10] [11] [12] [13] [14] [15] [16] has been exploited to speed up the evolution of the STIRAP. In the initial proposals [11, 12] of the stimulated Raman shortcutto-adiabatic passage (STIRSAP), the application of a compensating microwave field which couples the initial and target states is required to counteract the detrimental nonadiabatic effect. This additional microwave field indicates a critical disadvantage, especially concerning that the direct coupling might be unfeasible in practical atomic levels with forbidden transition. In the subsequent proposals [14, 15] , it is displayed that one can mimic the desired population transfer of the STIRSAP protocol through modifying the pump and Stokes pulses, which removes the coupling term associated with the microwave field so as to avoid the former drawback. Strictly, in this modified STIRSAP scheme the evolution of the wavefunction (so called as the "dressed state" in Ref. [14] ) differs from that in the former one by a rotating transformation V (t). The validity of the scheme then relies on the boundary condition of V (t), that is, V (t) should be a null operation at the initial (ending) time instant.
Successful design of the laser pulses for the STIRSAP is critically constrained by the above boundary condition of * Electronic address: lixiangcen@scu.edu.cn the dressed-state transformation. For example, this condition is not satisfied when the pump and the Stokes fields assume the commonly used Gaussian pulses [14, 15] . Note that the rotating angle of V (t) is correlated to the aforementioned microwave field that should have been applied in the initial STIRSAP protocol. The specified boundary condition of V (t) can be fulfilled only when the strength of this additional interaction, or equally speaking, the nonadiabatic effect induced by the initial pump and Stokes fields, should be negligible on the boundary. This actually requires that the driving protocol should satisfy the adiabatic condition at that time instant. At this stage, a promising design may rest on (but not limited to) the prerequisite that the system should possess discrete energy levels at the initial (ending) instant of the driving pulses.
On the other hand, valuable results have been obtained recently in understanding the nonadiabatic dynamics generated by some particular types of quantum driven models [17] [18] [19] [20] . It is shown that the nonadiabatic effect in some of the cases can play a positive role for the population transfer. For example, in the tangent-pulsedriven model with the matching frequency and amplitude, the nonadiabatic effect not only will not lead to unwanted transitions but also can suppress the error caused by the truncation of the field pulse [17] . This feature of the nonadiabatic driving has also been found in a modified Landau-Zener model [18] and a special Allen-Eberly model [19] . Motivated by these results, it is natural to ask whether there exists such kind of nonadiabatic passages that can be exploited directly to realize the stimulated Raman process.
In this paper we report the finding of a specific driving scheme via which the nonadiabatic passages of the stimulated Raman transition can be explicitly constructed. The scheme applies to the Λ-type three-level system with the one-photon resonance in which the Stokes laser pulse can be of arbitrary analytical form but the pump pulse should be matching with the Stokes one. Several driving protocols generated by the scheme are illustrated and there various features for the population transfer are characterized. Moreover, we explore the interplay of the present scheme with the STIRSAP and show how to reconstruct the nonadiabatic passages within the framework of the shortcut to adiabaticity. Incorporation with the latter technology enables us to design alternative nonadiabatic passages with less occupancy of the intermediate level.
II. STIMULATED RAMAN NONADIABATIC PASSAGES WITH ONE-PHOTON RESONANCE
A. Description of the driving scheme Consider a three-level system with the Λ configuration shown in Fig. 1 . The states |1 and |3 are ground or metastable levels, which are coupled to the excited level |2 via the laser pulses, the pump pulse and the Stokes pulse, respectively. The Hamiltonian of the system under the rotating wave approximation can be written as H tot (t) = H free +H int (t) with the free Hamiltonian H free = 3 i=1 E i σ ii and the interaction term
in which σ ij = |i j| (i, j = 1, 2, 3) and Ω p,s (t) describe the Rabi frequencies of the pump and Stokes pulses, respectively. Under the condition of the one-photon resonance ω p = E 2 − E 1 and ω s = E 2 − E 3 , one obtains the Hamiltonian in the interaction picture
To implement fast population transfer from the state |1 to |3 , we propose a nonadiabatic protocol in which the laser pulses satisfy
with the envelope of the Stokes laser Ω s (t) being an arbitrary analytical function over t ∈ (t 0 , t f ). As is shown in the below, when the integral of the intercepted pulse t t0 Ω s (τ )dτ ≡ 2ϑ(t) goes from 0 to π, complete population transfer |1 → |3 can be realized by the protocol in a nonadiabatic manner.
To resolve the dynamics of the above stimulated Raman process, we note that the described model possesses a dynamical invariant [21, 22] 
which satisfies
It is recognized that the three operators (5) is readily verified through the following equations of the componentṡ
The eigenvalues of I(t) are given by λ 0 = 0 and λ ± = ±1, and the eigenstate |e 0 (t) associated with the zero eigenvalue λ 0 is obtained as
It is seen that the initial state |1 correlates exclusively with the basis state |e 0 (t) , so the wavefunction will evolve along this "dressed state" for the time being.
Since the corresponding eigenvalue λ 0 = 0, the LewisRiesenfeld phase [21, 22] accumulated during the evolution is zero for |e 0 (t) . As ϑ(t f ) → π 2 , the state transfer |1 → |3 is achieved up to a minus sign.
A particular feature one can recognize from the above stimulated Raman protocol is that at the initial t = t 0 there is Ω p (t 0 ) = 1 2 Ω s (t 0 ). This is distinctly different from the delayed pulse sequence of the adiabatic passage, which indicates that the nonadiabatic effect plays a decisive role in the present protocol. It also reveals that the Hamiltonian and the dynamical invariant are not commutative at t = t 0 : [H(t 0 ), I(t 0 )] = 0, which does not accord with the condition assumed in Ref. [11] . Secondly, as t → t f the asymptotic population on the target state |3 is specified by P (t) = sin 4 ϑ(t). It indicates that the protocol is less sensitive to the cutoff error of the field pulses than the adiabatic protocol. In detail, suppose that the field pulses are truncated at t = t f c with the Rabi frequencies Ω p (t f c ) and Ω s (t f c ). Denote by δ ≡ arctan
Ωp(t f c ) the deviation of the pulses. The population on |3 at t = t f c is then given by
As δ is much less that 1, it is not difficult to verify that there is always P (t f c ) ≥ cos 2 δ. That is to say, comparing with the conventional STIRAP, the nonadiabatic effect in the present protocol will reduce the loss of fidelity caused by the truncation.
B. Typical nonadiabatic passages
The above scheme offers an explicit way to construct stimulated Raman nonadiabatic passages via which the population transfer |1 → |3 can be realized. We present some typical examples in the below. Example 1. The Rabi frequency of the Stokes laser is set to be a constant. According to Eq. (3), there are
in which the time t goes from t = 0 to t → π ν . The dynamical invariant and the zero-eigenvalue dress state are specified by
and
respectively. In this proposal the pump laser assumes a chirped pulse and the duration of the pulse νt f ≈ π is much shorter than that of the usual adiabatic protocol. Example 2. The passage is described by
in which Ω p (t) of the pump laser is a constant. The two Rabi frequencies above are verified to satisfy Eq. (3) in view that the half of the integration of Ω s (t) gives rise to ϑ(t) = arctan[sinh(νt)]. The eigenstate |e 0 (t) of the dynamical invariant is obtained as
The field pulses in this protocol are defined in an infinite time domain and the truncation is inevitable. We define an effective pulse duration t ∈ (t 0 , t f c ) in which t f c is defined such that the population on |3 reaches P (t f c ) ≈ 0.9999. For the current example there is νt f c ≈ 1.8π.
In principle, unlimited amount of the nonadiabatic passages could be constructed by the scheme. Besides the above two, some other examples are displayed in Table  I , including the field pulses, evolution of the population, and their effective pulse duration.
III. INTERPLAY WITH THE SHORTCUT TO ADIABATICITY
A. Stimulated Raman shortcut-to-adiabatic passage and the dressed-state transformation
To be specific, let us review the STIRSAP protocol with the one-photon resonance of which the initial Hamiltonian in the interaction picture reads H 0 (t) = Ω p0 (t)(σ 12 + σ 21 ) + Ω s0 (t)(σ 23 + σ 32 ). (16) In general, the sequence of the delayed pulse interactions of the pump and the Stokes lasers are implemented in the counterintuitive order so that the Rabi frequencies satisfy Ω s0 (t 0 ) ≫ Ω p0 (t 0 ) and Ω s0 (t f ) ≪ Ω p0 (t f ) at the initial and the ending time t 0,f , respectively. For the adiabatic evolution the state transfer |1 → |3 can be realized along the dark state |d(t) = cos θ 0 (t)|1 − sin θ 0 (t)|3 with θ 0 (t) = arctan Ωp0(t) Ωs0(t) . Following the shortcut-toadiabatic technology [11] [12] [13] [14] [15] , the nonadiabatic effect of the evolution could be cancelled by introducing a compensating microwave field H cd (t) = iθ 0 (t)(σ 13 − σ 31 ) and the corrected Hamiltonian
can drive the system along the eigenstate |d(t) of the initial H 0 (t) in a nonadiabatic manner. Note that H cd (t) represents a direct coupling between the levels |1 and |3 which might be unavailable for the control setup.
To overcome this drawback, one can replace the above H corr (t) by an alternative one [14, 15] 
in which V (t) = e iφ(t)(σ23+σ32) accounts for a rotating transformation. When the rotating angle is set as φ(t) = arctanθ 0(t) Ωp0(t) , the interacting term with respect to the direct coupling between |1 and |3 will disappear in the corrected HamiltonianH corr (t). The corresponding dynamical basis ofH corr (t) relates to |d(t) via: |d(t) = V (t)|d(t) . Therefore, as long as the boundary conditions |d(t 0,f ) = |d(t 0,f ) are satisfied, the desired population transfer |1 → |3 could be realized via the evolution of the dressed state |d(t) .
It is worthy to mention that the condition |d(t 0 ) = |d(t 0 ) is always fulfilled for the STIRSAP since the equality V (t 0 )|1 = |1 holds for any given φ(t 0 ). That is to say, the boundary of V (t 0 ) is irrelevant but only the condition V (t f ) = I is required in the design of the protocol. As will be shown in the below, this is the case (i.e., V (t 0 ) = I) when we reconstruct the nonadiabatic passages proposed in the previous section within the framework of the STIRSAP. Let us move to consider the issue of constructing the nonadiabatic passages described in Sec. II through the STIRSAP scheme. The goal now is to determine reversely the initial Hamiltonian H 0 (t) based on the known target HamiltonianH corr (t) = H(t) specified in Eqs. (2) and (3). Note that the dynamical invariant of the systemH corr (t) is known to be the I(t) of Eqs. (4) and the corresponding dressed state |d(t) ≡ |e 0 (t) is shown in Eq. (9) . It is readily seen that a rotating transformation V † (t) = e −iφ(t)(σ23+σ32) with φ(t) = π 2 − ϑ(t) can transform |d(t) to the dark state |d(t) :
Then the inverse transformation on Eq. (18) gives rise to
By comparing the above expression with Eq. (17), one recognizes that
More explicitly, the form of the laser pulses of H 0 (t) can be expressed as
where ϑ 0 (t) ≡ θ 0 (t) = arctan Ωp0(t) Ωs0(t) . So far, we have completed the reconstruction of the nonadiabatic driving scheme through the STIRSAP, that is, the state transfer process realized by the control Hamiltonian of Eqs. (2) and (3) can be understood as the transitionless algorithm tracking the evolution of the instantaneous eigenstate |d(t) of the Hamiltonian H 0 (t), corrected by a dressed-state transformation V (t) = e iφ(t)(σ23+σ32) . As φ(t) here goes from φ(t 0 ) = to φ(t f ) = 0, it confirms the aforementioned statement that only the boundary condition V (t f ) = I is necessary. Furthermore, for the concrete nonadiabatic passages specified by Eqs. (11) and (14), one obtains
respectively. For more examples, the corresponding expressions of Ω p0 (t) and Ω s0 (t) are displayed in the last column of Table I .
IV. STRATEGY TO REDUCE THE INTERMEDIATE-LEVEL OCCUPANCY
Differing from the original STIRAP in which the population transfer is realized along the dark state, the occupancy on the excited level |2 will occur in the present nonadiabatic protocol when the system evolves along the dressed state |d 0 (t) . The Raman passages proposed here therefore will be sensitive to the decay of the intermediate level, which is somewhat similar to the bright-STIRAP [23] [24] [25] . Note that the detrimental effect on the bright-STIRAP due to the dissipation of this auxiliary intermediate level has ever been estimated in Refs. [26] [27] [28] [29] [30] [31] . For comparison, it is expected that the detrimental effect should be less serious in the present scheme since the pulse durations of the passages here (see Table I ) are much shorter than those of the adiabatic passages. Besides, the intermediate-level occupancy of the present scheme can be reduced by following the approach of Ref. [14] , that is, one can adjust the dressed state |d(t) by constructing alternative control Hamiltonians. Essentially, this strategy makes use of the multiplicity of the control Hamiltonian of the tracking algorithm when aiming at the desired state evolution [9] . That is, one can use the series of Hamiltonians {H ′ 0 (t) = η(t)H 0 (t)} to replace H 0 (t) specified by Eqs. (21) and (23) Table. adjustable factor. Subsequently, the shortcut-to-adibatic protocol should give rise to
with H cd (t) being the same as in Eq. (22) . Following the protocol, one can find that the rotating angle of the dressed-state transformation V (t) should change as
Accordingly, the new HamiltonianH ′ corr (t) and the dressed state can be formulated as
and |d ′ (t) = e iφ ′ (t)(σ23+σ32) |d(t) (29) = cos ϑ|1 − i sin ϑ sin φ ′ |2 − sin ϑ cos φ ′ |3 , respectively. Now, it is straightforward to see that the population on the intermediate level |2 changes from P 2 (t) = sin 2 ϑ(t) cos 2 ϑ(t) [see Eq. (9)] to P ′ 2 (t) = cos 2 ϑ(t) η 2 (t) + cot 2 ϑ(t) .
As long as |η(t)| > 1, the above strategy will lead to reduction of the population on |2 with the ratio P ′ 2 (t) P 2 (t) = 1 η 2 (t) sin 2 ϑ(t) + cos 2 ϑ(t) .
For the case that η is a constant, the maximal inhibition rate is achieved at a time point with ϑ = π 4 , wherein the maximal occupancy on the level |2 just right happens. The value of the rate there is obtained as P ′ 2 /P 2 = 2/(1+ η 2 ). As is illustrated in Fig. 2 , sizable reduction of the occupancy of the intermediate level could be achieved for the driving protocol by adjusting the factor η.
V. CONCLUSION
In summary, we have proposed a nonadiabatic driving scheme to realize the stimulated Raman process. The scheme applies no auxiliary coupling field but only the pump and the Stokes lasers to the Λ-type system with one-photon resonance. The nonadiabatic effect is shown to play a decisive role in the state transfer protocol and some typical Raman nonadiabatic passages generated by the scheme are illustrated. We further investigate the interplay between the present scheme and the STIRSAP based on the transitionless tracking algorithm. By incorporating the latter technology, we show that alternative nonadiabatic passages with less occupancy of the intermediate level could be constructed.
